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INTRODUCTTION

Review of Literature

Salivary glands develop as chordal outgrowths from the oral
epithelium. During the course of this development, the epithelial
outgrowths assume a tubular form and ultimately become the branching
duct system of the mature gland. The acinar structures, which form
the proximal, blind ends of the mature ductal tree develop later,
often postnatally, as outgrowths of the terminal tubules. Thus,
the mature gland is racemose in structure. Acini comprise the most
proximal element. The acinar lumen is contiguous with the lumen of
the first proximal element of the mature duct system, the inter-
calated duct. Intercalated ducts converge to form striated ducts
which further converge to form excretory ducts. In some glands,
notably rodent submaxillary, the proximal portion of the striated
duct is further distinguished by the presence of intracellular
granules and is separately identified as the granular duct, or
tubule. TFinally, by further convergence, excretory ducts join to
form the main excretory duct which, usually singly, terminates in
the oral cavity (40, 42).

In salivary glands, ducts as well as acini have secretory

functions. Historically, secretory functions have been associated



with acini for a longer time. However, in recent years it has
become clear that the duct system of salivary glands serves as
more than a simple conduit for conducting secretions to the mouth,
and that important secretory events occur at ductal loci (24, 54).
Functions of the two sets of structures, as currently conceived,
can with moderate simplification be summarized as follows. Acini
elaborate the first or "precursor" secretion. This fluid contains
virtually all of the protein which is ultimately secreted, and,
similarly, nearly all of the water. The osmotically important
ions, sodium (Nat), potassium (Kt), and chloride (C17) are present
in approximately plasma-like concentrations and, consistent with
this, acinar fluid (or acinar, intercalated-duct fluid) is
essentially isotonic. 1In the striated and excretory ducts, re-equili-
bration of the major electrolytes occurs. Sodium ard chloride are
reabsorbed, and potassium and biéarbonate are secreted, but to
lesser extent. Water shows little net movement across the ductal
wall. As a consequence, final saliva generally shows potassium
concentrations which exceed those of serum while sodium concentra-
tion is often appreciably lower than in serum. Osmolality is
frequently low and saliva is usually hypotonic (24, 38, 42, 54).
The principal protein in saliva from many glands is the
digestive enzyme, amylase. This enzyme is at a remarkably high
level in rat parotid gland, for example, although it is virtually
absent from rat submaxillary (41, 42). The enzyme is formed at

the microsomes on the endoplasmic reticulum (15). Within the
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cisternae, the enzyme molecules drift in an apical direction toward
the Golgi complex, where they become localized in vacuoles. The
vacuoles migrate toward the cell apex and after some condensation of
their contents become recognizable as zymogen granules (6, 43, 45).
The zymogen granules are discharged across the luminal membrane
when the acinar cells are stimulated. Stimulation, in fact, leads
to glandular depletion of amylase, which is later slowly resynthe-—
sized to again elevate glandular stores of the enzyme, a sequence
which is generally referred to as a "secretory cycle."

TIn most salivary glands, including submaxillary and parotid
glands of rat, secretion does not occur spontaneously, nor is
secretion controlled by circulating hormones. Control of salivary
secretion is exerted by the autonomic nervous innervation and
mediated by the neurotransmitters, acetylcholine (parasympathetic)
and norepinephrine (sympathetic) (25, 35, 39, 40, 42). 1In general,
mammalian salivary glands all receive a parasympathetic cholinergic
innervation, and this contains secretomotor and vasomotor fibers.
Most glands are innervated by sympathetic adrenergic fibers as well,
but only in some does this innervation contain secretomotor elements.
Rat parotid and submaxillary glands receive secretomotor fibers from
the sympathetic as well as the parasympathetic autonomic systems
(4, 16, 17, 25, 28, 29, 49, 50). These salivary glands, like many
others, respond to parasympathetic cholinergic stimulation by
secretion of copious hypotonic secretion which is low in protein

content (23, 32, 35, 36). The sodium concentration of this secretion,
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especially in the case of the parotid gland, depends upon the degree
of stimulation (35). Salivary [Na] is small at low intensities of
stimulation and rises to reach a virtual plateau as stimulation
intensity, and flow rate, are increased toward a maximum (35).

This is not due to any increase in [Na] of the precursor fluid

when stimulation and flow are increased. The effect (known as
Heidenhain's Law) evidently occurs because the transport maximum (TM)
of the duct cells for sodium is exceeded at high rates of delivery
of the ion to the cells, and because of the small contact-time
between cells and luminal fluid in the ducts. Salivary [K] on the
other hand is less likely to change with changes in flow rate (35).

With sympathetic stimulation, flow rate is generally low, for
example from rat parotid (36) or submaxillary gland (53), but the
secretory fluid is high in protein concentration (23, 32, 36). The
concentrations of potassium and bicarbonate are also characteris-~
tically high (32, 39, 53). The same effect can be obtained with
adrenergic drugs (36, 53), and is especially marked with those
agents which stimulate B-adrenergic receptors (32).

An unusually high concentration or output of potassium in
saliva can also be noted with cholinergic or a-adrenergic stimu-
lation during the first few minutes after the start of salivary
flow. This "transient elevation" is considered to be the result
of a release of glandular stores of potassium, due to a transient

increase in K-permeability of the luminal and contraluminal



membranes, particularly of the acinar cells. The effect subsides
after several minutes, even if stimulation is continued, and is
followed by glandular reaccumulation of potassium, i.e., by the
"negative tramsient" (5).

In rat submaxillary and parotid, gland tissue and secretion have
been reported to contain strikingly high concentrations of calcium
(15 to 25 mEq per kilogram wet weight of gland or per liter of secre-
tion) (3, 7, 8, 11, 12). This calcium, which is evidently mainly
complexed to organic macromolecules, is primarily localized in acinar
cells (13, 51). Calcium is now known to play an important role in
coupling the secretory response of salivary gland to the stimulus
(14, 30, 31). Secretion of water and of protein are particularly
affected by a decrease in extracellular calcium. With rat parotid
gland, it has been shown that transmission of a message from the
adrenergic receptor site probably involves both cyclic adenosine
3',5'-monophosphate (cyclic AMP) and Ca?*, at least when B-adrenergic
receptors are involved (2, 26, 47, 52). Secretion of émylase by rat
parotid gland has been shown clearly to be dependent on the avail-
ability of ca?t to the secretory cells (30, 47). In additiomn, in
rat parotid gland a further relationship has been suggested between
calcium and the secretion of amylase (52). The relationship involves
a definite stoichiometry between amylase and calcium present in
secreted saliva, at least with tissue slices in vitro. The

relationship has been observed when sympathomimetic agents are added
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to incubated parotid slices and is reproduced as Figure 1. Presum-
ably, calcium is packaged along with amylase at the Golgi organ (48).

This finding has several implications. Among these is the
possibility that secretion of calcium, like secretion of amylase,
can be used as an indicator of the type of autonomic stimulation.
So far, it is amylase secretion mainly, and potassium secretion to
some extent, which can be used to characterize the type of autonomic
receptor which is involved in evoking secretion. These functional
parameters of the secretory response to parasympathetic or sympa-
thetic stimulation, or to the stimulatory actions of parasympatho-
mimetic or sympathomimetic drugs, have been of great value in
analyzing autonomic pathways which mediate responses to "normal"
stimuli (as in feeding) (33) or the receptors which mediate the
secretagogic action of various drugs which have unexpected side
actions, such as the primarily parasympathomimetic agent, pilocar-
pine (35, 36), or the antitumor agent cyclocytidine (34). Agents
which act through activation of B-adrenergic receptors, for example,
invariably evoke parotid secretion which is very high in amylase
and potassium. Thus, [K] may reach 60 mEq/l in adrenergically
evoked rat parotid saliva (32, 36). It would be important to
determine whether calcium levels of saliva, or gland, also could
be used to indicate the type of autonomic receptor which mediates
a particular secretory response. Investigations of this point

formed the basis for this research.



Figure 1. Secretion of amylase and calcium from rat parotid

gland slices by various modes of stimulation (52).
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Proposal

The presence of an unusually high concentration of calcium
(approximately 15-20 mEq/kg wet weight) in rat salivary tissue,
compared with other soft tissues (e.g., kidney and liver), was
first reported by Dreisbach (7, 11). 1In the same work, Dreisbach
found that [Ca] in rat saliva, at least from the submaxillary-
sublingual gland complex, also was strikingly high (up to 20 mEq/1),
especially when secretion was evoked by isoproterenol (11, 12).

From subsequent reports on calcium in rat submaxillary gland and
saliva, it became clear that most of the calcium is bound (9, 12).
However, no estimates were made concerning the ionic activity of
calcium in cell water or saliva.-

Dreisbach (7, 11, 12) determined the course of calcium secretion
by rat submaxillary gland when pilocarpine or isoproterenol was used
as the stimulating agent. With pilocarpine, secretion of calcium in
saliva was found to occur at high, but progressively decreasing
concentration over the first forty minutes of stimulation, and then
to plateau, at a level near 1 mEq/l. Balance studies showed that
the calcium secreted during the first forty minutes of stimulation,
over and above that which would have been secreted under steady
state conditions, closely matched the decrease in calcium which
occurred in the gland during the same period. Evidently, a transient
elevation occurs in the course of calcium secretion, as it does with

potassium, and this calcium transient is unusually long lasting.
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Consistent with this, it was found by Dreisbach (10) that the transfer
of calcium into or out of the gland, in vitro, in incubated tissue,
is enhanced by acetylcholine or by epinephrine.

In later work, Dreisbach (11, 12) showed that the B-adrenergic
agonist, isoproterenol, induces even greater depletion of calcium
from rat submaxillary gland than occurs with pilocarpine. In the
saliva evoked by isoproterenol injection, the transient elevation
of calcium is longer lasting (over 1 hr) than in pilocarpine-evoked
saliva, but the plateau values (steady-state secretion) of calcium
reached thereafter are similar (mear 1 mEq/1l) with the two drugs
(7, 11). Protein concentration, but not concentration of sialic
acid, was found to be directly proportional to calcium concentration
of rat submaxillary saliva, evoked by isoproterenol or pilocarpine
(12). Essentially all of the calcium in this saliva was found to be
dialyzable (12). The cellular location of the salivary gland
calcium was found by radioautography to be mainly acinar (13, 51).

Two other reports must because of their bearing on this
research be considered. These are from Michael Schramm's research
group at Hebrew University. In the first report, Selinger, Naim
and Lasser (48) discussed the uptake and possible intracellular
distribution of calcium by rat parotid and submaxillary glands.
Calcium was found to be accumulated in these glands by the action
of a non-mitochondrial calcium pump. The findings were made by

using parotid gland homogenate, and although the actual identity
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of the cellular structure associated with the pump could not be
definitely established, the fraction in which calcium was accumulated
to the greatest degree was the microsomal fraction. Electron
microscopic examination indicated that smooth membrane vesicles
predominated in the floating portion from this fraction. It was
suggested that it is mainly in the Golgi apparatus that calcium is
accumulated (48).

In the second report, Wallach and Schramm (52) described a
parallel, but not linear, secretion of amylase and calcium from
rat parotid slices when epinephrine or dibutyryl cyclic AMP was
used as a stimulating agent. Subcellular fractionation of the
gland showed that the highest concentrations of amylase and
calcium were in the secretory granule fraction. Moreover, the
ratio, nanomoles calcium/mg protein, of the secretory granule
fraction was similar to that of the secreted material. It was
concluded that calcium is packaged and secreted with exportable
protein in the rat parotid gland.

Thus, the earlier work of Dreisbach and of the Schramm group
suggest a parallelism in accumulation and secretion of calcium and
protein by rat salivary glands. This relationship has been
further investigated and tested in the present research. The
approach has been to use rat parotid and submaxillary glands, in
vivo, as the secretory system of choice. Moreover, the emphasis

has been on a comparison of amylase and calcium secretion in
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relation to the mode of stimulation, using modes which include
direct stimulation of the autonomic innervation, as well as
administration of secretagogue drugs. Stimulation of the autonomic
nerves which innervate the gland has been used, for the first time
in studying the calcium—-amylase relationship in the saliva. The
relationship between secretion of calcium and of amylase has been
considered also in relation to duration of stimulation. Both
parotid saliva (probably for the first time, since Dreisbach
erroneously used lacrimal instead of parotid gland) and gland
have been examined. The study started with an examination of
the kinetics of calcium secretion by rat submaxillary gland, so
that the early findings of Dreisbach could be reexamined, and
then enlarged to examination of the calcium-amylase relationship

in secretion by rat parotid gland, in vivo.



MATERIALS AND METHODS

Experimental animals

Male Long-Evans rats, 4 to 6 months old, and weighing between
300 to 400 grams were used in these experiments. They were main-
tained on Purina lab chow and water ad libitum until 18 hours before
experimentation when food but not water was removed. The rats were
anesthetized by intraperitoneal administration of sodium pentobar-
bital in doses of 50 milligrams per kilogram of body weight.
Following the anesthetization, the trachea was isolated by midline
incision and cannulated by polyethylene tubing, to avoid the

possibility of respiratory complications.

Collection of saliva samples

For collection of submaxillary saliva, a fine polyethylene
cannula (Clay-Adams PE 10) was inserted to a distance of about
4 millimeters into the oral opening of one submaxillary duct (53).
The saliva was collected from the end of the cannula, using Corning
disposable micropipettes of 10 to 100 ul volume. Parotid saliva
was collected by micropipette directly from the cut end of the
gland duct (36). Sample volumes of 10 to 100 ul were used, undiluted,

for determination of salivary calcium concentration. Volumes of 1 ul

13
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of parotid saliva were used for amylase analysis, after dilution,
1:10,000, in phosphate-buffered (pH 7) sodium chloride solution
(0.05 M). Samples for amylase analysis were refrigerated (4°¢C)

until used, but not more than two days.

Preparation of glands for analysis

Parotid and submaxillary glands were rapidly removed from the
anesthetized animal and weighed on a torsion balance. The parotid
glands were then minced, and the mince was divided into two aliquots,
each of which was individually weighed. One aliquot, weighing
between 90 and 120 milligrams, was placed in a small vessel to
which a few drops of normal saline were added, for subsequent
determination of amylase activity. The remaining tissue aliquot
was placed in a crucible for subsequent ashing and determination
of calcium concentration. The portion of the gland for amylase
was kept frozen at -15°C (for not longer than two weeks) until
analyzed. The tissue sample to be ashed was placed in a Vycor
crucible and dried at 105°C overnight. The dry tissue was then
placed in a desiccator for two days, weighed for determination of
water content, and then dry-ashed for calcium determination. With
submaxillary, the entire gland was used for calcium determination.
With either submaxillary or parotid, when stimulated glands were
removed, this was done as quickly as possible after the end of a
period of stimulation. Unstimulated glands from control rats or
the unstimulated contralateral glands of experimental animals

served as controls.
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Stimulation of gland to secrete saliva

Saliva was elicited by administration of autonomic drugs or by
stimulation of neural pathways. The B-adrenergic agent, isopro-
terenol hydrochloride (Winthrop Laboratories, New York) and the
parasympathetic agent, pilocarpine hydrochloride (Mallinckrodt
Chemical Works) were the autonomic drugs administered. Isoproterenol
solution was prepared fresh at the time of experimentation and
administered intraperitoneally in doses of 8 mg/rat. Pilocarpine
was kept refrigerated in solution and administered intraperitoneally
in doses of 5 mg/kg body weight.

With stimulation of neural pathways, a Grass Stimulator was
used to deliver stimuli of supramaximal intensity. The instrument
was set to deliver square wave pulses of 4 volts at a frequency of
20 pulses per second and a duration of 5 milliseconds (39, 53). The
output of the stimulator was connected directly to bipolar electrodes.
For parasympathetic nerve stimulation of submaxillary gland, the
chorda tympani was stimulated as it coursed in the main duct (53).
The submaxillary and sublingual ducts were isolated from the
surrounding tissue about one centimeter. The bipolar electrodes
were applied to the main.submaxillary duct at a point close to
the gland hilus. A thin strip of Parafilm was inserted under the
electrodes to reduce current spread during stimulation. The
sympathetic fibers were stimulated at the common carotid artery.

The carotid sheath was isolated and the vagus nerve was separated
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from the common carotid artery. The bipolar electrodes were placed
around the carotid artery just below its bifurcation (39). In some
cases, the sympathetic fibers were stimulated at the superior cervical
ganglion itself. Spread of current from the electrodes was prevented
by insertion of a Parafilm sheath under the electrodes. The parasym-—
pathetic activity of the parotid gland was obtained by electrical
stimulation of the auriculotemporal nerve. The nerve was approached
by separating the masseter and temporal muscles and cleared so that

bipolar electrodes could be put in place (35).

Determination of calcium concentrations

Calcium concentrations of salivary samples were determined by
automatic calcium titrator (Fiske Associates, Inc.). This instru-
ment has successfully ?een used for determination of calcium in
serum (1). The instrument incorporates a motorized buret, a fluorom-
eter, and a digital readout that is responsive to quenching of the
fluorescent calcium-calcein complex by the chelating agent, ethylene-
glycol tetracetic acid. In these experiments a calcium standard
was analyzed before and after each group of ten salivary samples.

The average of the readings from the standard was used as the
reference in calculating concentrations of calcium in the saliva
and tissue samples.

The calcium level in glands was determined using the dried
tissue. GClands were ashed overnight in an oven at 540°C. After

cooling, the ash was dissolved in 0.5 ml of 1 N HCl and later
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was neutralized with 0.5 ml of 1 N KOH. Aliquots of 50 to 100 upl
were used for titration of calcium. The method of calcium analysis
used here was tested by comparison of values from paired aliquots
analyzed by titration and by atomic absorption spectroscopy,
respectively. Agreement between values obtained by the two methods
was within 3% (2.6 * 2.6%, mean difference * stamdard error of the
mean). With the titration method, moreover, recoveries of calcium,
when calcium was added to submaxillary gland, averaged 100.3%, with
a standard error of 0.5%. The tests showed that this method was

reliable in determining calcium level of salivary glands.

Determination of amylase activities

Amylase activities of saliva samples were determined by the
method of Myers et al. (27), modified for use as a micromethod (21).
Minor modifications in this determination were made. The 0.5 ml
of diluted saliva was incubated at 37°C in 2 ml of soluble starch,

4 mg/ml in buffered saline, for exactly 15 minutes. The reaction

was stopped by saturating the reaction mixture with dry picric acid.
The precipitate was filtered. One milliliter of 157 sodium carbonate
was added to 1 ml of filtrate, in a Klett tube. The tube was placed
in a boiling water bath for 20 minutes. The solution was diluted to
10 ml and read in a Klett photoelectric colorimeter with a filter,
No. 54, green, having a transmittance of 520 to 580 mu. The
instrument was set at zero with the picric acid blank. Amylase

activity was expressed as milligrams of reducing substance, as



18

glucose, formed in a 15 minute digestion period at 379C per milli-
gram of saliva. (Saliva volume is expressed in milligrams so that
the same units are used for saliva volume and tissue mass. The
specific gravity of saliva is 1.0.) The values were computed from
a standard curve, which related Klett units to glucose concentration,
as shown in Figure 2. The slope shows an equivalence of 0.002822
milligram of glucose per Klett unit, with a standard deviation of
+ 0.0002 mg/Klett unit. The value of 0.0028 milligram of glucose
per Klett unit was used in calculation of all amylase activities.

The amylase activity of parotid glands was determined from
the frozen tissue. The gland was ground in a glass mortar to
which a small amount of sand was added. The ground gland was
diluted to 10 ml with saline phosphate buffer and then centrifuged
at 5°C for 20 minutes to separate the insoluble fraction. Fifty
microliters of supernatant fluid were diluted to 5 ml with saline
phosphate buffer. The saliva and gland samples were diluted with
saline phosphate buffer to an extent sufficient to provide Klett
readings that fell between 100 to 300 units, since the relation-
ship to amylase activity is linear within this range. The amylase
activity in parotid glands was expressed as milligram of reducing

substance per milligram of gland wet weight.

Determination of secretory rates

In order to obtain salivary flow rates, saliva volumes were

collected during timed periods, and glands were removed and
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Figure 2.

Standard curve for determination of glucose concen-
tration. Each point represents mean * standard
deviation of 8 values. The average value of omne
Klett unit was 0.002822 mg of glucose, with a

standard deviation of 0.0002 mg.
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weighed after all volumes had been obtained. Flow rates could then
be expressed in un?ts of microliters per minute per gram of fresh
tissue. From the salivary flow rates, and values for concentration
of calcium, or activity of amylase, in the saliva, the secretory

rate for calcium, or amylase, could be determined.

Treatment of data

Data from each rat were plotted as a time course of change in
calcium concentration or amylase activity. The mid-point of the
time interval of collection was used to determine the abscissa for
each point. Successive points were connected by straight lines.
For analysis of the data, values for calcium concentration or
amylase activity were taken for the same time points from each
curve, even if these did not coincide with the actual times samples
were obtained. These interpolated values were used to calculate
means, and standard errors of the means, for the selected time
intervals. The difference between means was compared by standard
Student's t-test. The difference was considered significant if

P values were less than 0.05 (19).



RESULTS

Submaxillary gland of rat was selected for initial investigation
of the effects of diverse kinds of autonomic stimulation on calcium
secretion for several reasons. First, it had been reported that
calcium levels of the unstimulated submaxillary gland are unusually
high, greatly exceeding that of other tissues (7, 8, 11). 1Im
addition, the course of calcium secretion in the rat submaxillary
saliva evoked by some selected autonomic agents had also been
reported (7, 11). Accordingly, experiments were initiated, first,
to confirm the reported findings and, second, to examine the kinetics
of calcium secretion in response to stimulation of the innervation
to the gland. It was a particular objective of this work to
determine effects on salivary secretion of calcium of stimulating
the gland by way of its innervation, and not only by administration
of autonomic drugs. Data on the role of the autonomic innervation
in regulation of calcium secretion from submaxillary or parotid

have not heretofore been available.

Submaxillary gland and saliva

The data in Table 1 show that calcium level of submaxillary

gland, as well as that of parotid gland, pancreas, and kidney of

22



TABLE 1. Calcium concentrations in various organs

Organ [Ca]®* (mEq/kg wet weight)
Parotid gland 12.97 + 0.34 (20)
Submaxillary gland 9.75 + 0.52 (6)
Pancreas 2.97 £ 0.09 (3)
Kidney 3.03 £ 0.07 (3)

*
The values are means * standard error. The

numbers in parentheses refer to the number of rats.

23
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rats fasted 18 hours prior to organ removal. Calcium concentration
of submaxillary gland at approximately 10 mEq/kg was 3 times as high
as that of pancreas or kidney, but not as high as that of parotid.
The difference between levels of parotid (13.0 * 0.3 mEq/kg) and
submaxillary (9.8 * 0.5 mEq/kg) was statistically significant.

These findings were of interest for several reasons. First,
they generally confirmed the earlier findings of Dreisbach (8) that,
in rat, salivary gland shows a higher concentration of calcium than
most other soft tissues, and, second, that parotid gland has an
even greater concentration of calcium than submaxillary gland.
Salivary calcium levels were then also examined to establish the
validity of the reported values, obtained by stimulation with
pilocarpine or isoproterenol, as well as to provide a point of
reference for subsequent analysis of effects of nerve stimulation
on the course of calcium secretion.

The data in Fig. 3 show the course of change in calcium
concentration of submaxillary saliva evoked in response to various
modes of stimulation. With pilocarpine, the calcium concentration
of the saliva secreted first (at 3 min after pilocarpine injection)
was 3.02 + 0.33 mEq/1. A slight increase was observed at 10
minutes; this was followed by a statistically significant decrease
(P < .025). A plateau was attained at 35 minutes, with concentrations
of approximately 1.0 mEq/l. This was maintained for the additiomal
50 minutes of collection. The general course of these changes was

consistent with findings previously reported by Dreisbach (7).
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Figure 3. Calcium concentration in submaxillary saliva secreted
in response to various modes of stimulation (SYM. =
sympathetic nerve, IS80. = isoproterenol, PILO. =
pilocarpine, CHORDA = chorda tympani nerve).

Duration of Stimulation, on the abscissa, denotes
the duration of the period which followed after

stimulation was started.
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Calcium concentration of saliva evoked by isoproterenol was
significantly higher than in that evoked by pilocarpine at all
times during the 75 minutes of collection. However, by 75 minutes,
the concentration of calcium in isoproterenol-evoked saliva was not
much greater than in pilocarpine-evoked saliva. Thus, initially
(after 3 minutes) levels were 10.7 * 0.9 mEq/l in isoproterenol-
evoked saliva and continued to increase until 10 minutes, when the
high level of 14.0 * 0.8 mEq/l was attained. Calcium concentration
decreased continuously thereafter. At 20 minutes a statistically
significant (P < .005) décrease of 29% from the maximal level was
evident; between 30-35 minutes the magnitude of the decrease was
nearly 45% from the maximal level; by 50 minutes, a 747% decrease
from the maximal value was observed. These changes were statis-
tically significant (P < .05). A plateau was not attained and
levels recorded at 75 minutes were less than 2 mEq/1l. Thus, the
initial levels and course of change were considerably different
when isoproterenol and pilocarpine stimulating effects were
compared.

Direct stimulation of the autonomic innervation showed strik-
ingly different results from those obtained with the autonomic
drugs. Stimulation of the chorda tympani produced saliva containing
the lowest levels of calcium recorded during these experiments
(0.3 mEq/l; Fig. 3). Furthermore, there was no change in calcium
level over the 25 minute period of collection (Fig. 3). Longer

periods of stimulation were not attempted.
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Stimulation of the postganglionic sympathetic fibers also
presented some difficulty but collections for 85 minutes were made
on at least two animals. The initial levels under these conditions
of stimulation were higher (at about 5 mEq/1) than those observed
with either pilocarpine or chorda stimulation but significantly
less than those observed with isoproterenol stimulation. Mean
values of 4 to 7.5 mEq/1l were recorded throughout. Statistically
significant variations in concentration were not observed.

The differences in calcium concentration showed no consistent
relationship to flow rate (Fig. 4). This was lowest with sympathetic
nerve stimulation (between 2-6 ul/min/gm of gland for the entire
85 minute period of stimulation). Isoproterenol caused a slightly
higher flow rate, 11-17 pl/min/gm, for this 75 minute period.
Pilocarpine induced higher flow rates than sympathetic stimulation
but rates were considerably less than those observed with stimula-
tion of the cholinergic innervation. Thus, initial flow rates of
pilocarpine~evoked saliva were 92.8 * 9.2 yl/min/gm whereas those
with chorda stimulation were 206 * 15 ul/min/gm. TFlow rate with
chorda stimulation did not show any statistically significant
changes with the 25 minute period of stimulation but with pilocar-
pine, flow rate after 15 minutes showed a significant (P < .005)
decrease from initial levels of 50% (46.8 as compared with 92.8).
This level was maintained for the next 50 minutes after which a

further decrease occurred (to 23.0 + 1.7 ul/min/gm). This level,



29

Figure 4.

Changes in flow rate of submaxillary saliva with time,
with four different modes of stimulation (CHORDA =
chorda tympani nerve, PILO. = pilocarpine, 1I50. =
isoproterenol, SYM. = sympathetic nerve). Duration
of Stimulation, on the abscissa, denotes the duration
of the period which followed after stimulation was

started.
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maintained for the additional 40 minutes of stimulation, was higher
than initial levels observed with either isoproterenol or sympathe-
tic nerve stimulation.

Although flow rate with chorda nerve stimulation was at least
10 times greater than that observed with sympathetic nerve stimula-
tion, the concentration of calcium secreted in each time period was
always lower. However, the calcium output, in nEq/min/gm, during
chorda stimulation was higher than that observed with sympathetic

nerve stimulation (Fig. 5).

Parotid gland and saliva

The data in Fig. 6 show the concentrations of calcium in parotid
saliva during periods of stimulation by various means. With supra-
maximal stimulation of the auriculotemporal nerve, calcium levels
were initially high (11.8 * 1.0 mEq/l) and remained at this level
for the first 20 minutes of continuous stimulation. A decrease
that was statistically significant (P < .05) was not evident until
40 minutes after initiation of stimulation, when calcium levels had
dropped to 9.7 * 0.7 mEq/l; between 60-90 minutes calcium concen-
tration was close to 9 mEq/l; although this value was not signifi-
cantly different (P > .05) from the 40 minute level, it represented
an overall change of 29% from initial levels.

With pilocarpine stimulation, initial calcium levels were
9.4 *+ 0.3 mEq/1 and were significantly (P < .025) less than those

observed with auriculotemporal stimulation. Within the first 15
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Figure 5.

Rate of calcium secretion by submaxillary gland

(PILO. pilocarpine, ISO. = isoproterenol,

CHORDA

chorda tympani nerve, SYM. = sympathetic
nerve). Duration of Stimulation, on the abscissa,
denotes the duration of the period which followed

after stimulation was started.
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Figure 6. Changes in calcium concentration of parotid saliva
during prolonged stimulation by various modes (ISO. =
isoproterenol, SYM. = sympathetic nerve, A.T. =
auriculotemporal nerve, PILO. = pilocarpine).
Duration of Stimulation, on the abscissa, denotes
the duration of the period which followed after

stimulation was started.
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minutes, a considerable drop occurred and 15 minutes after stimula-
tion was initiated, calcium concentration, at 7.4 * 0.5 mEq/l, was
significantly different from initial levels (P < .025); by 20
minutes, levels dropped to 6.2 * 0.07 mEq/l1. A further decrease
to 5 mEq/1 occurred between 35-55 minutes after initiation of
stimulation; this plateau level was then maintained for the next
50 minutes.

With stimulation by isoproterenol a somewhat different course
of change was observed. Saliva of sufficient amount for collection
did not appear until 10 minutes after injection of the isoproterenol
and the calcium level of this initially evoked saliva was approxi-
mately 13 mEq/1 (12.8 * 0.6 mEq/1) and remained at this high level
for the entire 80 minutes of stimulation (Fig. 6).

Concentration of calcium of saliva evoked by stimulation of
the sympathetic innervation to the parotid was, in the first three
minutes after initiation of stimulation, similar to that evoked
with pilocarpine stimulation. Thus, in both instances, levels
were approximately 9 mEq/l (Fig. 6). A significant increase
(P < .05) occurred within the next five minutes of sympathetic
stimulation and reached a maximum level of 11.1 %* 0.4 mEq/1 at
20 minutes. For the duration of stimulation (the ensuing 60
minutes) there were no statistically significant changes, and
calcium concentration at 20 and 80 minutes was approximately

10 mEq/1 (Fig. 6). Except for the initial phase of secretion
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(3-20 minutes after initiation of nerve stimulation), the course of
calciﬁm secretion with sympathetic nerve stimulation was similar to
that observed with stimuldation of the auriculotemporal nerve.
Furthermore, although the calcium levels with sympathetic nerve
stimulation tended to be somewhat higher (10.5 * 1.4 mEq/1) at the
terminal point than those recorded with stimulation of the auriculo-
temporal nerve (8.5 * 0.6 mEq/1l), the difference between these two
lévels after 80 minutes of stimulation was not, however, statistically
significant.

The course of amylase secretion in response to diverse autonomic
stimuli is depicted by the data in Fig. 7. Supramaximal stimulation
of the auriculotemporal nerve caused elaboration of saliva that was
very low in amylase activity; in fact, initial amylase activity was
at a level of only 18.5 * 2.5 mg reducing substance per mg of saliva
and there was virtually no change from this level for the entire 90
minutes of stimulation.

Pilocarpine stimulation, on the other hand, caused an initial
secretion that had high levels of amylase (343 % 26 mg/mg) but
levels dropped markedly (to 232 * 12 mg/mg) within the first 10-20
minutes. By 20 minutes, amylase levels had dropped further, to
131 * 15 mg/mg. The sharp decrease continued so that by 25 minutes,
levels were 77 * 14 mg/mg an& by 40 minutes, when a plateau occurred,
amylase was at the same low level seen with auriculotemporal stimu-—

lation, i.e., 25 * 3 mg/mg. The decrease for each interval between
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Figure 7.

Time course of change in amylase activity of parotid

saliva in response to various modes of stimulation

(1s0. isoproterenol, SYM. = sympathetic nerve,
PILO. = pilocarpine, A.T. = auriculotemporal nerve).
Duration of Stimulation, on the abscissa, denotes

the duration of the period which followed after

stimulation was started.
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15-25 minutes represented a statistically significant change from the
preceding level (P < .025) and amounted in each case to about 40%.

Saliva evoked by isoproterenol had the highest level of amylase
activity. Initially these were at least twice as high as levels
observed with pilocarpine stimulation; a statistically significant
increase (P < .05) from these levels of 662 *+ 66 mg/mg to levels
of 834 * 46 mg/mg occurred within the first five minutes and
thereafter concentration of amylase in the saliva remained at about
700 mg/mg for the next 35 minutes. There was not the sharp decrease
with time which was observed with pilocarpine stimulation, but a
reduction in amylase concentration occurred gradually over the next
50 minutes, with the level ultimately reaching a value of 269 * 42
mg/mg. Thus, after 90 minutes of isoproterenol stimulation, amylase
concentration of the saliva was only one-third of the initial
levels; nonetheless, this final value was almost as high as that
observed initially with pilocarpine stimulation.

Amylase activity in saliva with sympathetic nerve stimulation
was initially very high (454 * 33 mg/mg). Continuation of sympa-
thetic stimulation led to a significant increase in amylase activity
(P < .05) with a maximal activity of 575 mg/mg attained at about
15-20 minutes after initiation of stimulation. After that the
level of amylase activity continued to go down for 30 minutes and
remained at a plateau level between 450-515 mg/mg. The course of

amylase activity from saliva evoked by sympathetic nerve and
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isoproterenol showed significant differences from the beginning until
55 minutes after initiation of stimulation.

The course of change in amylase activity closely paralleled
that of calcium concentration when sympathetic nerve stimulationm,
or pilocarpine, was employed. However, this was not the case with
stimulation involving either the auriculotemporal nerve or adminis-
tration of isoproterenol. While amylase and calcium concentration
were both initially high with isoproterenol, increased over the
first 10 minutes, and then tended to remain at a high plateau level
for the next 30 minutes, there was a divergence thereafter. While
calcium concentration of saliva remained at this plateau level,
amylase dropped consistently for the next hour. With stimulation
of the auriculotemporal nerve, there was no parallelism between
amylase and calcium, either in the course of change or in the
relative levels. Thus, while calcium concentration was initially
relatively high (and not much less than levels observed with
isoproterenol stimulation), amylase activity was very low, at an
approximate level of only one-fortieth that observed with isopre-
terenol stimulation. Furthermore, amylase concentration did not
change during the course of stimulation of the auriculotemporal
nerve, and remained at this same low level throughout, while
calcium concentration after the first 20 minutes decreased
steadily from the initial high values.

Since there were these marked differences in absolute values as

well as characteristics of the course of change, it was necessary
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to examine other factors which could influence these parameters.
Accordingly, flow rate characteristics with each kind of stimula-
tion were also examined for the 90 minute interval of stimulation.
Flow rate of saliva was highest when cholinergic stimulation was
used to evoke the secretion. From the data in Fig. 8, it is clear
that initial flow rates after stimulation of the auriculotemporal
nerve was started were 91.3 * 13.5 pl/min/gm of parotid gland but
that a statistically significant (P < .05) decrease to 55.8 * 11.4
pl/min/gm occurred within the first 10 minutes. Flow rate remained
at about 50 pl/min/gm for the next 50 minutes, decreasing to less
than 40 only within the last 20 minutes.

These flow rates were considerably higher than those of saliva
evoked by pilocarpine, sympathetic nerve, or isoproteremol. The
initially high values with pilocarpine were only one-half
(42.7 £ 7.7 ul/min/gm) of the initial auriculotemporal values.
There was a considerable (70%) decrease within the next 15
minutes, and a minimum level of 12.8 # 1.8 pl/min/gm was recorded
as early as 20 minutes after administration of pilocarpine.

There was little change thereafter in flow rate. These changes
with time were statistically highly significant (P < .05).

Flow rate with isoproterenol stimulation was initially low
(11.7 * 0.6 yl/min/gm) and remained at this low level throughout.

The lowest flow rate occurred with sympathetic nerve stimula-
tion. Maximum stimulation of the sympathetic nerve produced saliva

flow (6.5 * 1.4 pl/min/gm) about half that of the flow evoked by
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Figure 8. Changes in flow rate of parotid saliva with time,
with four different modes of stimulation (A.T. =
auriculotemporal nerve, PILO. = pilocarpine, IS0. =
isoproterenol, SYM. = sympathetic nerve). Duration
of Stimulation, on the abscissa, denotes the dura-
tion of the period which followed after stimulation

was started.
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isoproterenol administration. This flow rate remained almost
constant until 80 minutes after stimulation.

In view of these marked differences in flow rate, the possi-
bility existed that the rate of secretion of amylase and of calcium,
are actually independent of the mode of stimulation and that the
concentrations of these constituents depend solely on the flow
rate. When the total amylase activity of saliva collected for
the entire period of stimulation (usually 90 minutes) was
measured, it was found that this total was equivalent to an
activity of only 51 * 8 mg/mg of gland wet weight, when the
auriculotemporal nerve was stimulated (Table 2; Fig. 9). This
amount was appreciably less than that observed with either
isoproterenol or pilocarpine. With pilocarpine, the total
activity for a 90 minute period amounted to 176 * 40 mg/mg of
gland wet weight; with isoproterenol, to 516 * 48 mg/mg of gland
wet weight; and with sympathetic nerve, to 238 % 25 mg/mg of
gland wet weight. In none of these instances, therefore, did
flow rate seem to be an important factor regulating the marked
differences in amylase secretion.

The role of flow rate in determining calcium concentration
was also examined. In parotid saliva, the rate of calcium secretion
did depend on the rate of saliva secretion. Calcium secretion was
highest with auriculotemporal stimulation, at 41.6 * 7.4 mEq/

90 min/kg of gland wet weight. The amount secreted with isopro-
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TABLE 2. Total output of amylase activity and calcium in rat parotid

saliva with diverse autonomic stimulation (90 minutes duration).

Kind of Total Amount in Parotid Saliva
Stimulation® Amylase Activity Calcium
(mg/mg) T (mEq/kg)
1S0. 516 * 48 (8) 12.3 + 0.1 (5
PTILO. 176 + 40 (4) 7.9 £ 0.8 (3)
A.T. 51 + 8 (5) 41.6 + 7.4 (5)
SYM. 238 + 25 (5) 4.7 + 0.3 (5)

Values are means * standard error. Numbers in parentheses are
number of rats in the experiment.

*1S0. = isoproterenol, PILO. = pilocarpine, A.T. = auriculo-
temporal nerve, SYM. = sympathetic nerve.

TThe amount of amylase activity or calcium output was determined

on the basis of mg or kg wet weight of parotid gland.
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Figure 9.

Time course of amylase output into parotid saliva

for four different modes of stimulation (PILO. =
pilocarpine, ISO. = isoproterenol, SYM. = sympathetic
nerve, A.T. = auriculotemporal nerve). Duration of
Stimulation, on the abscissa, denotes the duration

of the period which followed after stimulation was

started.
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terenol stimulation, at 12.3 = 0.1 mEq/kg of gland wet weight, was
nearly twice as great as that secreted in response to pilocarpine
stimulation (7.9 * 0.8 mEq/90 min/kg of gland wet weight), and
almost three times greater than that secreted during sympathetic
nerve stimulation (4.7 * 0.3 mEq/90 min/kg of gland wet weight)
(Table 2; Fig. 10).

Secretion of calcium or amylase can also be measured by
determining levels of these moieties in the gland, following
autonomic stimulation (Table 3). After 90 minutes of auriculo-
temporal nerve stimulation, amylase levels of parotid were reduced
from controls by about 29%; with the same duration of pilocarpine,
sympathetic nerve stimulation, or isoproterenol stimulation, the
reduction from levels of unstimulated gland was 46%, 637 and 897,
respectively. Thus, a very small reduction in gland amylase was
induced with cholinergic nerve stimulation, and this agreed with
the observed small output of amylase in saliva; a large reduction
occurred with isoproterenol or sympathetic nerve stimulation and
this also agreed with the observed high levels in the saliva. 1In
case of pilocarpine, a possible discrepancy appeared to exist
between the extent of glandular depletion of amylase and the
amount which appeared in the saliva.

Attempts were made to account for the discrepancy observed
with pilocarpine. Stimulation caused some change in water content

of the gland and the percent of gland water following 90 minutes
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Figure 10.

Time course of calcium output into parotid saliva,
evoked by different modes of stimulation (A.T. =
auriculotemporal nerve, PILO. = pilocarpine, IS0. =
isoproterenol, SYM. = sympathetic nerve). Duration
of Stimulation, on the abscissa, denotes the
duration of the period which followed after

stimulation was started.
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TABLE 3. Water content, amylase activity and calcium concentration

of rat parotid gland with diverse autonomic stimulation.

Kind of Rat Parotid Gland
Sti.mulationA Water Content Amylase Activity [Ca]
(percent) (mg/mg) (mEq/kg)

None 70.6 + 0.8 (20) 537 +* 29 (11) 13.0 £ 0.3 (20)
1S0. 76.8 £ 1.5 (9 59 + 12 (6) 5.2 + 0.4 (9)
PILO. 73.3 + 1.7 (5)F 288 + 23 (3) 10.7 + 0.7 (5)
A.T. 74.3 + 1.0 (8) 380 + 24 (4) 11.3 + 0.9 (8)
SYM. 78.0 £ 2.0 (5) 199 + 16 (5) 8.4 + 0.2 (5)

A1n each case, duration of period after start of stimulation
was 90 minutes (ISO. = isoproterenol, PILO. = pilocarpine, A.T. =
auriculotemporal nerve, SYM. = sympathetic nerve).

Values are means * standard error (per unit wet weight of
gland); all values from experimental animals differ significantly
from control (P < .05) except where indicated by *. The numbers

in parentheses are number of rats.
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of stimulation with pilocarpine or stimulation of the auriculo-
temporal nerve was 73.3 * 1.7 and 74.3 + 1.0, respectively. With
isoproterenol, or stimulation of sympathetic nerve, percent water
was, respectively, 76.8 * 1.5 and 78.0 * 2.0. Thus, while water
content of glands following sympathetic, parasympathetic and
isoproterenol was increased (P < .005) from control levels
(70.6 + 0.8), with pilocarpine stimulation, water content was not
different from that of control (P > .05). Thus, the discrepancy
in amylase levels with pilocarpine stimulation is not related to
change in water content of the gland.

It is possible that the marked drop in amylase of glands
stimulated by pilocarpine for 90 minutes is largely due to the
unusually high amylase activity of the saliva secreted during the
first 20 minutes of stimulation. This unusually high amylase is
presumed to be due to a sympathetically-mediated effect which
occurs when blood levels of pilocarpine are unusually high (35, 36).
This would be the case soon after injection of pilocarpine in a
single dose. Therefore, gland levels of amylase were measured
after 20 minutes of pilocarpine stimulation. As shown in Table 4,
the major drop in gland amylase did occur within the first 20
minutes. Therefore, the apparent discrepancy between the
stimulatory effects of pilocarpine and auriculotemporal nerve
on amylase depletion in the gland can be accounted for.

Calcium levels of parotid gland after 90 minutes of stimula-

tion (Table 3) were also reduced. The biggest reduction occurred
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TABLE 4. Water content, amylase activity and calcium concentration
of rat parotid gland with diverse autonomic stimulation

(time indicated).

Kind of Rat Parotid Gland
Stimulation Water Content Amylase Activity [Ca]
(percent) (mg/mg) (mEq/kg)
None 70.6 + 0.8 (20) 537 + 29 (11) 13.0 + 0.3 (20)
A.T. (20 min) 72.2 + 0.7 (6)% 434 £ 21 (6) 13.0 + 1.0 (6)7
PILO. (20 min) 72.4 + 0.8 (6)* 298 + 21 (6) 11.4 = 0.3 (6)
PILO. (35 min) 69.5 + 0.8 (6)* 360 £ 21 (5) 11.5 + 0.4 (6)

Values are means * standard error; all values from experimental
animals differ significantly from control (P < .05) except where
indicated by * (A.T. = auriculotemporal nerve, PILO. = pilocarpine).

The numbers in parentheses are number of rats.
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with isoproterenol and the decrease from 13.0 * 0.3 mEq/kg of gland
wet weight in unstimulated control glands to 5.2 * 0.4 mEq/kg of
gland wet weight in isoproterenol constitutes a 607% reduction in
gland calcium concentration. Sympathetic stimulation produced a
reduction of calcium of about 35%. With pilocarpine, only an 18%
reduction was effected, and auriculotemporal stimulation caused
only a 13% decrease; all of these changes, though small, were
statistically significant. The output of calcium in the saliva
during this 90 minute interval (Table 2) reflects this pattern of
change with isoproterenol, sympathetic and pilocarpine stimulation
but with auriculotemporal stimulation the changes are quite
unexpected. The calcium output in saliva is three times greater
than that found in isoproterenol-evoked secretion (41.6 * 7.4
mEq/kg of gland wet weight as compared with 12.3 *+ 0.1 mEq/kg of
gland wet weight), yet there was little change in gland levels of
calcium following 90 minutes of cholinergic nerve stimulation.

The possibility that water changes could account for this were
ruled out when comparisons of calcium were made on the basis of
water content of the gland. These percent changes were not very
different from those based on wet weight.

The amount of amylase secreted per minute in parotid saliva
is shown by data in Fig. 9. During the initial period of stimu-
lation, pilocarpine caused the highest output of amylase. Within
25 minutes after initiation of stimulation, the output decreased

markedly, reaching levels of 671 * 181 mg/min/gm of gland wet weight.
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Amylase output at this point was at the same low levels observed
with stimulation of the auriculotemporal nerve (535 * 120 mg/min/gm
of gland wet weight). Iﬁ fact, the output with parasympathetic
nerve stimulation was low (500-1500 mg/min/gm of gland wet weight)
for the entire 90 minute period of stimulation. Thus, for the
period 25-90 minutes, the amylase output was similar for the two
kinds of parasympathetic stimulation. With the two kinds of sympa-
thetic stimulation, however, marked differences existed. Isoproterenol
caused an initially high output of amylase that was only slightly less
than the initial maximal found with pilocarpine. Amylase output was
high for at least 40 minutes following administration of isoproterenol,
and therefore, total amylase output for the 90 minute period was, of
the four kinds of stimulation employed, highest with isoproterenol.
The amylase output with sympathetic nerve stimulation was, except
for the last 20 minutes of the 90 minute period of stimulatiomn,
very much less than that evoked with isoproterenol. Initially,
the output was only one-fifth that of isoproterenol levels; initial
output was 2447 * 1047 mg/min/gm of gland wet weight, nonetheless
twice as high as that found with stimulation of the auriculotemporal
nerve.

The amount of calcium secreted per minute in parotid saliva is
shown by data in Fig. 10. Of the four modes of autonomic stimula-
tion employed, the highest calcium output was produced by stimulation

of the parasympathetic nerve. The maximum output occurred 3 minutes



after initiation of stimulation. There was a sharp decrease in
output in the next 2 minutes and within the next 10 minutes
following stimulation, a further drop occurred. No further
change occurred for the next 45 minutes, but thereafter a
progressive decrease was observed.

The initial calcium output in saliva evoked by pilocarpine
was very high (421 * 65 nEq/min/gm of gland wet weight), but
within 15 minutes, the amount of calcium secreted per minute
decreased to a very low level (112 * 25 nEq/min/gm of gland wet

weight); with sympathetic nerve stimulation, calcium output was
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initially low (55 * 7 nEq/min/gm of gland wet weight), and remained

at this low level throughout the 80 minute period of stimulation.

The calcium output with isoproterenol stimulation was initially

twice as great as that observed with sympathetic nerve stimula-

tion; this difference persisted for at least 60 to 70 minutes.
The calcium output following the 90 minute period of para-

sympathetic stimulation was about five times greater than the

output evoked with stimulation of sympathetic nerve or pilocarpine,

and about three times greater than that produced in response to

isoproterenol stimulation.



DISCUSSION

This work provides additional evidence to support the view that
the composition of saliva is related to the kind of autonomic stimu-
lation used to evoke the secretion. Additionally, evidence also is
provided showing that gland levels of calcium and secretory protein
are altered as a consequence of autonomic stimulation and that the
nature and extent of the alteration is related specifically to the
kind of autonomic stimulation. Secretory characteristics can
therefore be determined in two ways: in terms of the composition of
the secretion, and also in terms of the changes that occur in the
composition of the gland. This, for example, is the case with rat
parotid amylase; the level of activity of this digestive enzyme
in the saliva and the degree of its depletion in the gland both
reflect the kind of autonomic stimulation used to evoke secretion.
Characteristically, stimulation with isoproterenol, or by way of
the sympathetic innervation, results in the highest levels of
amylase in the saliva, in the greatest amount of amylase secreted
per unit time, and in the greatest depletion of amylase from the
gland cells. This is true even for extended periods of stimulation,

of up to 90 minutes.
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Cholinergic stimulation, either through the parasympathetic
innervation or by low doses of pilocarpine, characteristically
causes only a very modest reduction in gland amylase, even when
the stimulation is prolonged, and the evoked saliva has very low
levels of amylase. The difference between these levels and those
induced with isoproterenol stimulation are 30-40 fold. Even with
the large volumes of fluid secreted with cholinergic stimulation,
the total amount of amylase secreted is only one~tenth of that
elaborated with isoproterenol stimulation. Furthermore, even during
the initial period of stimulation, when the maximal differences in
all parameters are evident, while auriculotemporal-stimulated flow is
five times as great as isoproterenol stimulated flow, amylase levels
in the isoproterenol-evoked saliva are 30-40 times greater. At least
this 5-fold difference persists throughout the period of stimulation,
up to the 90-minute limit tried. Consistent with this is the very
small degree of depletion of gland amylase during cholinergic stimu-—
lation, as compared with depletion in response to isoproterenol.

With high doses of pilocarpine several apparent discrepancies
become evident. Thus, amylase activity in saliva evoked by large
doses of pilocarpine is higher than in saliva evoked by stimulation
of the parasympathetic innervationm, and the course of change, with
time, is different. With pilocarpine, amylase activity in parotid
saliva is particularly high only during the first 20-30 minutes of
secretion, and then falls over the next 60 minutes, to approach

parasympathetically-evoked levels.
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The initial high level of amylase activity in pilocarpine-evoked
parotid saliva has been shown to be due to a sympathetic action of
pilocarpine, resulting from stimulation of muscarinic receptors in
cells of the superior cervical ganglion (20, 36). It is also this
sympathetic action which undoubtedly accounts for the marked
emptying of gland amylase seen during the first 20 minutes of
stimulation. As previous work showed (36), when the superior
cervical ganglion is surgically removed just prior to pilocarpine,
amylase levels in the pilocarpine-evoked saliva are very low, and
are then indistinguishable from the very low levels found in saliva
evoked by electrical stimulation of the cholinergic innervation to
the parotid. The gland emptying, under these conditions, is also
small and resembles that caused by stimulation of cholinergic
innervation. These findings are important in reconciling the
differences in stimulatory effects induced by the parasympatho-
mimetic drug, pilocarpine, and those induced by stimulation of
the parasympathetic inmervation. The pronounced effect on amylase
secretion apparently can be attributed to a B-adrenergic action of
pilocarpine (20, 36).

The decrease in amylase level in the saliva, seen after the
first 20 minutes of stimulation, following the injection of a
large dose of pilocarpine, probably is attributable to at least
two factors: the gradual reduction of blood levels of pilocarpine
to a range where the sympathomimetic effect becomes less prominent,
and the decrease in gland levels from which the salivary activity

is derived.
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The data all support the view that while stimulation of either
cholinergic or adrenergic receptors causes secretion of amylase
into the saliva and reduction of gland stores of amylase, adrenergic
stimulation is far more effective than cholinergic in this capability.
Indeed, even when a parasympathomimetic agent appears to have a
greater capacity for inducing amylase secretion than is normally
observed with stimulation of the parasympathetic innervation, the
enhanced ability stems from a sympathetic source. The data also
show that cholinergic stimulation results in far greater volumes
of secretion but that regardless of this, sympathetic stimulation
causes a greater depletion of amylase from the gland and a greater
total output of amylase into the saliva than does parasympathetic.
With auriculotemporal nerve stimulation and isoproterenol stimula-
tion, which are assumed to be characteristic of each kind (parasym-
pathetic and sympathetic) of autonomic stimulation, there exists a
parallelism between depletion of gland amylase and secretion
into the saliva. Furthermore, in each case, the amount secreted
per unit of time remains constant with auriculotemporal
stimulation and fairly constant (at least for 50 minutes)
with isoproterenol stimulation. The difference between the two is
30~ to 40-fold, at least for the first hour, and at least 10-fold
thereafter. This greater effect of the sympathetic agent can only
be attributed to a difference in receptor efficacy since flow rate

differences, which are in the opposite direction, would only add
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further evidence to the view that adrenergic receptors are far more
potent than cholinergic in inducing amylase secretion.

While previous work has shown that cholinergic as well as
adrenergic stimulation can cause amylase secretion but that
adrenergic stimulation is the more effective in this regard, the
course of the secretion has not been shown, the total output has
not been determined, and a precise determination of the parallelism
between gland emptying and secretion into saliva has not been made.
Furthermore, while amylase secretion has been shown to be independent
of flow rate (35), and that differences between various kinds of
autonomic stimulation thus do not depend on flow rate differences,
the present data established this point with direct evidence.
Critical evidence of these relationships was obtained by examining
the changes with time in secretion of amylase and flow rate and
levels of gland amylase. Such data are especially important to
establishment of a cholinergic role in regulation of amylase
secretion, and that this role is a separate one from that of
adrenergic receptors. Some investigators have suggested that
B adrenergic receptors not only have the more important role in
regulation of amylase secretion but that these receptors have
virtually the exclusive role in mediating secretion of amylase
(2, 44). DNot only the present data, but earlier findings (36)
to the effect that the sympathomimetic action of pilocarpine on
amylase secretion can be blocked by removal of the superior

cervical ganglion, or by administering adrenergic antagonist
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drugs, leaving secretion which is typically cholinergic-1like,
demonstrate that a true cholinergic stimulation of amylase
secretion can occur.

Electrolyte secretion has also been shown to be related to
the kind of autonomic stimulation employed to evoke the saliva
(36, 38, 53). k' for example is known to be high in saliva
following sympathetic stimulation but comsiderably lower when
parasympathetic stimulation is employed (36, 37, 53). HC03_ also
shows a similar pattern. Nat on the other hand is higher in some
parasympathetically evoked salivas than in sympathetically evoked
salivas (53). Calcium, like K and HCO5, was expected to be high
with sympathetic and low with parasympathetic stimulation. Ccatt
concentration of sympathetically evoked saliva is higher than that
evoked with cholinergic stimulation, but the difference between
the two is very small (less than 8%). Thus, with isoproterenol
stimulation calcium was 13 mEq/l, but with sympathetic nerve stimula-
tion it was 11 mEq/l, a value virtually identical to that of saliva
obtained with parasympathetic nerve stimulation, at 12 mEq/l. The
high level was however maintained with isoproterenol stimulation;
in fact, a small increase occurred with time, and while high levels
were maintained for at least the first hour, there was a decrease
within 90 minutes with auriculotemporal or sympathetic stimulation.
Pilocarpine stimulation showed much lower levels than either of

these. Since both cholinergic and adrenergic stimulation result
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in higher levels than these, it is difficult to account for the
pilocarpine levels. Preliminary experiments show that calcium is
directly dependent on flow rate, when cholinergic stimulation is
used. Therefore, the lower values of salivary calcium recorded
with pilocarpine can be due to flow rate differences. It should
be noted, parenthetically, that this relationship does not seem
to hold for sympathetic or sympathomimetic stimulation, where no
change in salivary [Ca] has been seen in relation to rate of flow.

The similarity between calcium levels of isoproterenol- and
auriculotemporal-stimulated salivas cannot however be attributed
to flow rate since flow rate is low with isoproterenol and high
with auriculotemporal nerve stimulation, but calcium is similarly
high with both, and calcium concentration drops as flow rate is
decreased during auriculotempéral stimulation. The similarity
must be attributed to the separate effect of each kind of
autonomic receptor.

Gland levels of calcium are also reduced following autonomic
stimulation. Stimulation with the sympathetic agent isoproterenol
causes the most pronounced decrease (60%) and auriculotemporal
caused only a slight decrease (13%). The decrease caused by
pilocarpine is only somewhat greater than that caused by cholinergic
nerve stimulation, but less than that caused by sympathetic nerve
stimulation. The output of calcium in the saliva during this 90

minute period of stimulation, on the other hand, does not parallel
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the changes in gland levels. As anticipated, on the basis of the
high levels of calcium in the saliva and the high flow rate, calcium
output in the saliva evoked by stimulation of the parasympathetic
innervation is very high; the output with isoproterenol stimulation
is only one-third as great as this, but again, since flow rate was
for much of the 90 minutes about one-third that of auriculotemporally
evoked saliva, even though the calcium levels were similar for a good
part of this time, this finding was anticipated. There is not good
agreement between the levels of calcium remaining in the gland
following 90 minutes of stimulation and the observed output in the
saliva. Thus, with auriculotemporal stimulation, although calcium
concentration of saliva is very high initially (12 mEq/1), remains
relatively high throughout, and calcium output is great, there is
very little change in calcium levels of the gland.

Furthermore, there is a smaller decrease in gland levels following
pilocarpine stimulation than would be anticipated from examination of
salivary calcium levels and total output in the saliva. Thus, only an
18% decrease in gland levels was recorded, compared with a 60% decrease
after stimulation by isoproterenol, although the output of calcium
in pilocarpine-evoked saliva was one-half that found with isopro-
terenol stimulation. Gland levels of calcium were examined at 20
and 35 minutes in an attempt to account for the inconsistencies,
especially with auriculotemporal stimulation. There was the

possibility that depletion occurred within the first 20 minutes
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or so, and that reaccumulation of calcium in the gland occurred
rapidly, at least when continuous cholinergic stimulation was
delivered. However, after 20 minutes, there is no measurable
change in gland levels of calcium with auriculotemporal stimulation;
with pilocarpine, the change is about the same as that observed at
90 minutes (about 12%). Apparently, then, the changes in calcium
in the saliva are not reflected in changes in the gland. It still
remains possible that cholinergic stimulation causes a rapid
re-uptake of calcium as well as secretion of calcium. Radioactive
tracer work must be done to clarify this point.

Thus, while the effectiveness of diverse autonomic stimuli
in changing net calcium is the same as for gland amylase, this
is not true regarding secretion of calcium in the saliva. There
is no real distinction between effectiveness of sympathetic versus
parasympathetic stimulation in causing secretion of calcium in
saliva. As a matter of fact, not only are the initial levels
very similar but the output with parasympathetic nerve stimulation
is at least three times greater.

In addition to the role of autonomic nerve stimulation in
regulation of secretion of amylase and of calcium, individually,
the present work explored the relationship between secretion of
the two. Wallach and Schramm have shown that the two moieties
are secreted in parallel from rat parotid slices when epinephrine

is used as the stimulating agent and they believe this parallelism
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could result from binding between the enzyme and calcium and pack-
aging of these two components in the same secretory vesicles (52).
However, these data were obtained only under in vitro conditions
and only when catecholamines were used as the stimulating agent.
The present work provides data showing the relationship between
secretion of calcium and amylase under in vivo conditions, when
diverse autonomic stimuli are employed, including the more nearly
physiological condition of nerve stimulation. My data do not
support the thesis that amylase and calcium are secreted in
parallel under all conditions of stimulation. Thus, when secretion
is measured in terms of . disappearance from the gland, there does
exist a degree of parallelism between secretion of amylase and
calcium, since the extent of the depletion of the two is
generally similar for any one kind of stimulation.

Even with regard to glandular depletion, however, the results
of balance studies indicate that the parallelism between depletion
of calcium and of amylase may be fortuitous, at least when para-
sympathetic stimulation is used, and that uptake of calcium into
the gland during stimulation accounts for the apparent low level
of depletion.

When the secretion of these substances into the saliva is
examined, a parallelism between secretion of calcium and amylase
is not so apparent. While amylase activity and calcium in saliva

evoked by isoproterenol are both initially high, amylase levels



in the saliva decrease with time whereas calcium levels do not.
This suggests that in vivo the mechanism for secretion of calcium
may differ from that for amylase, even with R-adrenergic stimula-
tion. The effect may also be interpreted in another way: that
calcium and amylase are secreted in parallel for as long as
levels of the two in the gland are adequately high; when a
significant gland depletion occurs, the parallelism disappears.
The disappearance of the parallelism and maintenance of continued
high level of calcium in the saliva (possibly due to enhanced
re-uptake) suggest that all preformed vesicles are depleted;
secretion of the two (amylase and calcium) may then occur by
another route (not packaged together).

The most conspicuous instance of a lack of parallelism
between secretion of amylase and calcium is that involving
stimulation of the parasympathetic nerve. Under these circum-
stances, very low levels of amylase are secreted into the saliva
at a constant rate; however, the levels of calcium in the saliva
are very high, and do not differ much in magnitude from the high
calcium levels found in isoproterenol- and sympathetic-stimulated
saliva. Furthermore, in this situation salivary calcium concen=-
tration ultimately is decreased, whereas salivary amylase
concentration is not changed. The total amylase secreted is
only a small fraction of the total gland pool available, about

one-tenth that available, and this may account for the fact that
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amylase concentration does not change throughout. However, calcium
of saliva decreases with time whereas gland levels are hardly altered.
A very active calcium re-uptake mechanism is thus suggested by these
data also. It is possible, however, that calcium and amylase are
each secreted by different processes when cholinergic instead of
adrenergic stimulation is used. At any rate, the appearance of
the two in the saliva does not follow a parallel course as far as
magnitude of the concentrations or secretory rates are concerned.

The most convincing evidence of a parallelism between secretion
of amylase and calcium is that obtained with pilocarpine and sympa-
thetic nerve stimulation. Calcium and amylase are moderately high
initially and both follow the same course of change with time, in
pilocarpine evoked saliva, decreasing markedly within the next 20
minutes and reaching plateau levels at about 40 minutes.

All of the evidence thus points to the conclusion that,
especially in parotid gland, calcium and protein (here, amylase)
are not necessarily secreted in parallel. The kind of stimulation
employed markedly affects the way in which the two are secreted.
When cholinergic receptors are activated, only small amounts of
enzyme are released; when B adrenergic receptors are activated,
large amounts of enzyme are released. But large amounts of calcium
are released with activation of either kind of receptor.

Possibly, these differences are related to the particular nucleo-
tide involved in mediating receptor activity. Cyclic AMP has been

implicated as the second messenger in adrenergically induced
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secretion of amylase and calcium; some evidence suggests that cyclic
GMP may be involved in cholinergically-mediated secretion of calcium
and amylase (46). Each of the nucleotides may exert the same effect
in causing calcium release; however, the action in release of
amylase may be significantly different. The present data certainly
suggest some degree of separation in secretion of the two. The
separation may be even more extensive than is presently apparent
since re-uptake and ductal transfer may, during the period of
stimulation, occur with calcium but not to significant extent with
amylase (8, 18, 22).

Amylase is normally absent from submaxillary glands of rat,
and levels determined on unstimulated glands simply reflect
amylase content of the blood in the gland (41). With autonomic
stimulation, there is an increase in these levels that cannot
be attributed to blood levels but may reflect a concentration
from the blood (41). Since amylase is, however, normally not
present in submaxillary, only parotid could be used for analysis
of the relationship between secretion of calcium and amylase.
Nonetheless, since submaxillary gland has such a high level of
calcium, its response to diverse autonomic stimulation was analyzed
to see if autonomic stimuli produced identical effects, regardless
of the kind of salivary gland. Results were surprising. There
is a sharp contrast in effects obtained with stimulation of the

parasympathetic innervation to the parotid and those obtained with
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stimulation of the parasympathetic innervation to the submaxillary.
Calcium concentration of cholinergically-evoked submaxillary saliva
is extremely low, and values of less than 1 mEq/1 were uniformly
recorded, contrasting markedly with the high levels found in
parotid saliva obtained under conditions of cholinergic stimulation.
Furthermore, the levels obtained with isoproterenol stimulation
were as high as those obtained with isoproterenol stimulation of
parotid, and were 15-fold greater than the chorda values. With
stimulation of the sympathetic innervation, levels were found to
be only half those obtained with isoproteremol stimulation, unlike
parotid where both types of adremergic stimulation gave more
comparable effects. Possibly, sympathetic nerve stimulation of
submaxillary involves stimulation of a as well as B receptors,
since calcium “levels are much less than those observed with the
B adrenergic agent, isoproterenol. On the other hand, with
parotid, calcium levels with sympathetic nerve stimulation and
isoproterenol stimulation are very similar, suggesting involvement
of only B adrenergic receptors in this case. The high calcium
levels in parotid saliva evoked with stimulation of the parasym-
pathetic nerve present an unusual condition, and one which deserves

further investigation.
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SUMMARY

The course of amylase and calcium secretion into saliva and
depletion of these two moieties from parotid glands is
described by these experiments.

Initial levels and the course of change are found to depend
on the kind of autonomic stimulation used to effect secretion.
Amylase and calcium levels following stimulation with
adrenergic drugs (isoproterenol, especially), or stimulation
of the sympathetic innervation, are characteristically high.
With pilocarpine stimulation, both calcium and amylase are
significantly less than values obtained with isoproterenol
stimulation.

With stimulation of the parasympathetic nerve, however,

while amylase levels in the saliva are low throughout 90
minutes of continuous stimulation, calcium levels are
virtually as high as those seen with isoproterenol
stimulation.

The parallelism in levels of amylase and calcium in the gland
tissue during secretion has been examined. It is concluded

that secretion of the two need not occur in parallel.
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